We investigated the role of tumor suppressor p53 and Fas (CD95/APO-1), a member of the tumor necrosis factor receptor family, in neural progenitors response to cirradiation exposure. Telencephalic cells were obtained from wild-type C57Bl/6, or p53À/À or fasÀ/À, 15-dayold mouse embryos. They were cultured in conditions allowing neural progenitors to form proliferating clusters (neurospheres). A 2 Gy c-irradiation induced a G1 cell cycle arrest and triggered apoptosis in wild-type neural progenitor cultures in correlation with an enhanced expression of p53 and of its downstream target p21 WAF1 , both of them acquiring a nuclear localization. These effects did not occur in p53À/À neural progenitors demonstrating the central role played by p53 in their response to ionizing radiation. Furthermore, the monoclonal antibody Jo2 directed against Fas induced apoptosis of wild type but not of fasÀ/À neural progenitors, indicating the existence of a functional Fas signaling pathway in neural progenitors. Ionizing radiation induced an increase of Fas membrane expression related to a p53-dependent increase of fas mRNA expression in wild-type neural progenitors. Moreover, fasÀ/À neural progenitors exhibited delayed radiation-induced apoptosis compared to wild-type cells. Therefore, these findings establish a role for Fas/CD95 related to p53 in the response of neural progenitors to c-radiation exposure. Similar mechanisms could be triggered in neural progenitors in case of different stresses during brain development or in the course of various diseases affecting the adult brain.
Introduction
Development of the mammalian central nervous system (CNS) involves multipotent, self-renewable neural stem cells, which differentiate, via restricted progenitors, into the three major neural cells: neurons, astrocytes and oligodendrocytes (Rao, 1999) . Most of cells of the nervous system are born during embryonic and early postnatal period (Oppenheim, 1991) . However, due to the persistence of neural stem cells in adult tissue, a certain degree of cell turnover persists in adult mammalian brain leading to continuous generation of new neurons and glial cells (Craig et al., 1996; McKay, 1997; Johansson et al., 1999) .
Neurogenesis is strictly regulated though intrinsic and environmental factors and is associated with the induction of massive apoptosis critical for the correct development of the brain. Two distinct types of apoptosis have been characterized during human telencephalic development: embryonic apoptosis related to proliferation and migration of neural precursor cells, and fetal apoptosis coinciding with cell differentiation and establishment of neuronal circuitry (Oppenheim, 1991; Blaschke et al., 1996; Rakic and Zecevic, 2000) . Extensive data are available about mechanisms involved in the course of neuronal apoptosis to ensure the appropriate matching of neuron number to target size. Such a response may be mostly the consequence of competition for limited target-derived growth factors, but may also be triggered either by irreparable DNA damages (Gao et al., 1998) and/or by specific intercellular interactions involving cell receptors such as Fas/ CD95/Apo-1 (Cheema et al., 1999) . In contrast, few experiments have documented neural progenitor apoptosis recognized only recently to have critical roles in brain development (Thomaidou et al., 1997; Blaschke et al., 1998; Rakic and Zecevic, 2000) .
The p53 suppressor tumour protein has a number of biological functions and has been described as a guardian of the genome. In different cell types, p53 has been shown to play a key role in the control of cellular response to various kinds of stresses, including ionizing radiation exposure. p53 expression induces cell cycle arrest in order to allow DNA repair. When repair cannot be achieved, p53 promotes apoptotic cell death (Levine, 1997; May and May, 1999; Bargonetti and Manfredi, 2002) .
Some studies have shown either no requirement (Donehower et al., 1992) or only selective implication of p53 for normal nervous system development (Armstrong et al., 1995; Sah et al., 1995) . Nevertheless, p53 seems to be significantly expressed in embryonic brain (Komarova et al., 1997) and is involved in brain cell response to DNA damages (Norimura et al., 1996; Jordan et al., 1997; Herzog et al., 1998; Chong et al., 2000; Chow et al., 2000; Miller et al., 2000; D'Sa-Eipper et al., 2001) .
Biochemical pathways used by p53 to promote cell death have not been yet completely identified. p53-dependent apoptosis occurs through both transcriptional-dependent (Chao et al., 2000) and -independent (Levine, 1997; Bennett et al., 1998 , Mihara et al., 2003 mechanisms and could involve Fas (CD95/APO-1), a death receptor, member of the tumor necrosis factor receptor family.
Crosslinking of cell surface Fas by its ligand, FasL, or by agonistic anti-Fas antibodies induces apoptosis by triggering a cascade of caspases (Dhein et al., 1992; Timmer et al., 2001) . In the immune system, Fas and FasL are involved in the deletion of mature T and B cells to end an immune response, in triggering death of inflammatory cells and in the elimination of infected cells or tumors by cytotoxic T-lymphocytes (Daniel and Krammer, 1994; Nagata and Golstein, 1995) . Fasmediated apoptosis has been proposed to occur in brain development (Cheema et al., 1999) . The existence of a cell type-dependent link between p53 and Fas in the DNA damage-induced apoptosis has been reported (Muller et al., 1997; Bennett et al., 1998; Fulda et al., 1998; Maecker et al., 2000; O'Connor et al., 2000) . p53 could promote Fas apoptotic pathway by enhancement of Fas transcription (Fulda et al., 1998; Maecker et al., 2000; Munsch et al., 2000) or redistribution of cytoplasmic death receptors to the cell surface (Bennett et al., 1998) .
Knowledge of molecular regulation of neural precursor apoptosis could have crucial interest for understanding mechanisms of brain development. In this study, we sought to determine the effects of g-radiation in mouse telencephalic primary cultures highly enriched in neural progenitor cells. Using cells from knockout mice, we investigated the involvement of p53 and Fas/ CD95 in neural progenitor response to g-irradiation.
Results

Neurosphere cultures of primary neural progenitors
Adherence to plastic support induces the differentiation of primary telencephalic cells isolated from C57BL/6 mouse E15 embryos (Haik et al., 2000) . Therefore, to enrich cultures in neural progenitors, cells were cultured in a defined medium supplemented with fibroblast growth factor 2 (FGF2) and epidermal growth factor (EGF). In these conditions, telencephalic cells form clusters called neurospheres (Uchida et al., 2000) . Immunophenotyping of sections of 1-week-old neurospheres showed 90-95% of neural progenitors (expressing the intermediate filament protein nestin) and less than 2% of differentiated cells expressing either MAP2 (neurons) or GFAP (astrocytes) (Figure 1b-d) . Moreover, we showed by FACS analysis that neurospheres contained a relatively high percentage of cycling cells, with around 29% of living cells in either S or G2/ M phases (Figure 2a ). We also found around 10% of apoptotic cells by different techniques (sub-G1 quantifications (Figure 2a) , TUNEL assay and condensed nuclei observed by DAPI staining (Figure 3 ), Annexin V binding assay (Figure 4a) ), indicating that spontaneous apoptosis constantly occurs in wild-type neural progenitor cultures from C57BL/6 mouse E15 embryos. This relatively high level of apoptosis could be related to the localization of cells inside the neurospheres as suggested by TUNEL staining performed on serial 7 mm sections. Indeed, apoptotic cells were found principally in the center of neurospheres (Figure 1e ). Therefore, apoptosis could be related to the lack of accessibility of growth factors to these cells. g-Radiation induced apoptosis and G1 cell cycle arrest in cultures of wild-type C57BL/6 neural progenitors A 2 Gy g-irradiation induced a significant increase of apoptosis in 1-week-old neural progenitor cultures as demonstrated by three different techniques: sub-G1 cells by quantification of cell DNA content using PI staining (Figure 2a) , TUNEL staining analysed both by micro- Figure 3b ) showed a threefold increase of apoptotic cells in irradiated wildtype cultures compared to unirradiated controls. The binding of Annexin V to the phospholipid phosphatidylserines (externalized during the early phase of apoptosis) peaked 24 h after irradiation (Figure 4a ), revealing a time-dependent induction of apoptosis. Progressive induction of apoptosis was further confirmed by quantification of sub-G1 cells reaching 54.073.0% of total cells after 48 h (Figure 2a) .
Induction of apoptosis by irradiation was concomitant with G1 cell cycle arrest (Figure 2a) . Indeed, after 24 h, irradiation induced a decrease in the percentages of cells in S or G2/M and conversely an increase in the percentage of cells in G0/G1 (0 Gy: 70.473.4% vs 2 Gy: 79.570.7%). However, the persistence of cells in S or G2/M in irradiated cultures could indicate the other activation cell cycle checkpoints by irradiation in those cells.
p53 is required for both G1 cell cycle arrest and apoptosis induced by g-irradiation in neural progenitor cell cultures p53 has been shown to play a key role in the control of genomic integrity and elimination of damaged cells (Levine, 1997) . The p53-dependent increase of the transcription of the cyclin-dependent kinase inhibitor p21 WAF1 leads to the G1 arrest after DNA damage (Harper et al., 1993; Waldman et al., 1995) . As previously observed in various cell types, we showed that g-radiation induced a large increase of p53 protein level at 4 and 8 h in neural progenitor cultures ( Figure 5a ) and p53 acquired a nuclear localization (Figure 5b ). The stabilization of p53 in irradiated neural progenitors was correlated to an increase of their expression of the major p53 target gene, p21, at both Figure 5c ) and protein levels (Figure 5a ), and p21 protein also acquired a predominant nuclear localization (Figure 5d ).
In order to confirm the role of p53 in neural progenitor response to g-irradiation, we performed neurosphere cultures from p53-deficient mice. p53À/À neural progenitor cultures exhibited a significantly lower level of spontaneous apoptosis (in most experiments less than 5% of cells) than their wild-type counterparts as shown by sub-G1 quantification ( Consistent with the lack of p53, p53À/À cultures did not exhibit enhancement of p21 mRNA expression after irradiation contrary to wild-type cultures ( Figure 5c ). Cell cycle analysis revealed a transient decrease in the percentage of p53À/À cells in G0/G1 and an increase in the cell percentages in S and G2/M phases, 6 and 24 h after irradiation (Figure 2b ). Therefore, as expected, p53À/À neural progenitors did not show radiationinduced G1 arrest contrary to wild-type cultures.
Evidence of a functional Fas (CD95/APO-1) pathway in neural progenitors
Stress-induced apoptosis occurs in different cell types through the activation of Fas (CD95/APO-1) pathway (Timmer et al., 2001) . We have therefore investigated the involvement of Fas in neural progenitor apoptosis. In order to seek a functional Fas pathway in neural progenitors, we used Jo2, a monoclonal antibody directed against Fas, well known for triggering Fasdependent apoptosis in various cell types (Nishimura et al., 1997) .
We observed that Jo2 triggered high levels of apoptosis in wild-type neural progenitor cultures ( Figure 6 ). After 16 h of treatment, the percentages of sub-G1 cells increased dramatically in a dose-dependent manner in Jo2-treated cultures compared to untreated controls ( Figure 6a ). As expected, Jo2 did not affect the repartition of surviving cells in the different phases of the cell cycle ( Figure 6a ). Jo2 triggering of neural progenitor apoptosis was further confirmed by using Annexin V binding assay ( Figure 6b ) and detection of TUNEL-positive cells ( Figure 6c ). As a control of the specificity toward Fas pathway of Jo2-mediated cell apoptosis, we tested the effects of Jo2 in neurosphere cultures obtained from fasÀ/À mice. Results of Annexin V ( Figure 6b ) and TUNEL assays ( Figure 6c ) evidenced that Jo2 did not trigger apoptosis in fasÀ/À cultures, demonstrating the specificity of Jo2-mediated cell death. Moreover, we showed a lower level of spontaneous apoptosis in fasÀ/À cultures than in wild-type cultures by all the techniques used (Figures 2c, 3 and 4c) . This result supports the notion of a role for Fas pathway in spontaneous apoptosis of cultured wild-type neural progenitors.
Involvement of Fas (CD95/APO-1) signaling pathway in neural progenitor apoptosis induced by g-radiation
The role of Fas has been frequently evoked in gradiation-induced apoptosis of various cell types (Reap et al., 1997; Fulda et al., 1998) . Our demonstration of a functional Fas signaling pathway in wild-type neural progenitors led us to assess its involvement in their response to g-radiation exposure.
We found that irradiation induced after 6 and 24 h a significant increase of Fas membrane expression in wildtype neural progenitors by using flow cytometry ( Figure 7a ). Moreover, we also observed a significant increase of fas mRNA expression in irradiated wild-type neural progenitor cultures using real-time RT-PCR ( Figure 7a ).
Close interactions between p53 and Fas have been reported in various cell types (Sheard, 2001; Timmer et al., 2001) . The fas gene has been shown to contain a p53-responsive element, allowing p53 to enhance its transcriptional expression. We have found similar basal levels of fas mRNA in wild-type and in p53À/À neural progenitor cultures (Figure 7b ). However, contrary to wild type, p53À/À neural progenitors did not increase the expression of fas mRNA in response to g-radiation ( Figure 7b ). Therefore, our data suggest that fas gene upregulation is dependent on p53 activation in irradiated wild-type neural progenitors. We next tested the effects of a 2 Gy g-irradiation in fasÀ/À neural progenitor cultures. Irradiation induced a significant increase in the percentage of G1 cells in fasÀ/À like in wild-type cultures (Figure 2c ) but, after 24 h, no increase of apoptosis was detected in irradiated fasÀ/À neural progenitors compared to unirradiated controls (Figures 2-4) . However, irradiated fasÀ/À cultures exhibited a significant increase of apoptosis after 72 h. Indeed, at that time FACS analysis indicated 7.2671.89% of TUNEL-positive cells in the irradiated cultures compared to 26.678.3% in unirradiated controls (data not shown). Therefore, altogether these data suggest the triggering of both Fas-dependent and -independent apoptotic pathway detected in wild-type neural progenitors.
Discussion
Programmed cell death is crucial for the regulation of nervous system development and maintenance of adult brain homeostasis (Oppenheim, 1991) . Recent reports have shown a higher incidence of cell death in proliferative zone of brain containing neural progenitors (Blaschke et al., 1996; Thomaidou et al., 1997; Rakic and Zecevic, 2000) . Ionizing radiation has been shown to induce apoptosis of neural progenitors in fetal (D'SaEipper et al., 2001) and adult brain at much lower dose than needed to affect radioresistant neurons and glia (Peissner et al., 1999; Tada et al., 2000) . Therefore, to analyse apoptotic processes affecting neural progenitors, we investigated the effects of g-radiation-induced DNA damages in highly enriched primary cultures. We have demonstrated a direct role of both p53 and Fas in g-radiation-induced apoptosis of neural progenitors. In addition, our results also evidenced close interactions between p53 and Fas in the control of neural progenitor fate.
Critical role of p53 in the regulation of G1 cell cycle arrest and apoptosis of neural progenitors in response to ionizing radiation Studies of p53-deficient mice have shown a strain and sex-dependent neural tube defects and hindbrain exencephaly in only a small percentage of mice, suggesting that p53 does not play an essential role in normal brain development in the vast majority of animals (Armstrong , 1995; Sah et al., 1995) . However, Eizenberg et al. (1996) propose that p53 has an importance during brain development in directing progenitors toward either apoptosis or differentiation. p53 plays a key role in genotoxic stress-mediated apoptosis and G1 cell cycle arrest in many cell types including neural cells (Slack et al., 1996; Jordan et al., 1997; Komarova et al., 1997; Levine, 1997; Herzog et al., 1998; Xiang et al., 1998; Johnson et al., 1999; Chao et al., 2000; Chong et al., 2000; Chow et al., 2000; Miller et al., 2000; Bargonetti and Manfredi, 2002) . Several reports have shown that, in vivo, g-irradiation preferentially induces apoptosis in undifferentiated multipotent precursors localized in subependyma zone, subventricular zone and subgranular zone of dentate gyrus of the brain of adult mice (Herzog et al., 1998; Chow et al., 2000; Lee et al., 2001; Uberti et al., 2001) .
Using three independent techniques (sub-G1 cells quantification, Annexin V binding and TUNEL assays), we demonstrated that a 2 Gy irradiation induced neural precursors apoptosis in a time-dependent manner.
Apoptosis occurred in more than 40% of cells 24 h after irradiation and was concomitant with the nuclear accumulation of p53 protein. Apoptosis is critically p53 dependent since p53À/À neural progenitors did not undergo apoptosis 48 h after irradiation. In addition, we showed that irradiation increased the percentage of wild-type neural progenitors in G1 phase correlated to the increased expression of p21. Moreover, p21 acquired a nuclear localization known to play a crucial role in p53-dependent G1 arrest in response to DNA damages (Harper et al., 1993; Waldman et al., 1995) . In contrast, the lack of p53 favored an increase of cells in G2/M phase. Therefore, these data suggest that p53 mediates a G1 arrest in neural progenitors and also that a secure mechanism of cell cycle arrest occurring in G2/ M phase would be regulated by p53-independent pathways as shown in many cell lines (Strasser-Wozak et al., 1998; Matsui et al., 2001) .
Overall, our results extend recent data of D' Sa-Eipper et al. (2001) , showing that significantly higher dose (10 Gy) of g-irradiation decreased, after 6 h, by approximately 50% the percentage of viable cultured telencephalic precursors derived from wild-type but not from p53À/À mouse embryos. Moreover, we evidenced that the absence of p53 reduced the spontaneous apoptosis occurring constantly in wild-type neural progenitor cultures. Similar results have been previously described by Eizenberg et al. (1996) in in vitro proliferating oligodendrocyte precursor cells. Spontaneous apoptosis is likely due to the lack of accessibility of growth factors inside the neurospheres, thus probably involving a p53-dependent pathway. This Fas membrane expression of Fas determined by flow cytometry using Jo2 anti-Fas antibody coupled to FITC, 6 and 24 h after g-irradiation. Anti-Fas-FITC fluorescence was analysed on FACSVantage (BD) against an isotypic control. Dead cells, of which DNA was stained with 7-aminoactinomycine D, were gated out from the analysis. (b) p53-dependent increase of fas mRNA in response to irradiation in neural progenitors. p53 þ / þ and p53À/À neural progenitors received 0 or 2 Gy of g-irradiation and were collected after 6 h, and mRNA were semiquantified by real-time PCR. Results are expressed as the ratio of fas mRNA/18S mRNA of the samples vs fas mRNA/18S mRNA of the unirradiated p53 þ / þ controls. Percentages7s.e.m. are given from three independent experiments p53 and Fas/CD95 in neural progenitor apoptosis A Semont et al is consistent with the previously published data evidencing that serum deprivation triggers apoptosis in a p53-dependent manner in cultured rat primary cortex neurons (Liu and Zhu, 1999) .
Existence of a functional Fas pathway in mouse neural progenitors
Several papers have reported the expression of Fas by neural cells (Park et al., 1998; Cheema et al., 1999; Martin-Villalba et al., 1999; Raoul et al., 1999; Nat et al., 2001) , and Fas is transiently expressed in the developing cerebral cortex during the peak period of naturally occurring apoptotic cell death (Cheema et al., 1999) . However, the role of Fas during brain development, if any, appears to be limited, in part, because lpr mice, deficient in the Fas pathway, exhibit no abnormality during embryonic development. Moreover, lpr-and FasL-deficient (gld) mice did not exhibit alteration of hippocampal development compared to nondeficient mice (Kovac et al., 2002) . FasL, which is quite widely expressed in the nervous system (Becher et al., 1998) , is therefore thought to confer immune privilege on the CNS through its ability to trigger apoptosis of invading lymphocytes (French et al., 1996; Saas et al., 1997) . However, functional target signals of Fas in rat embryonic primary neurons have been reported (Martin-Villalba et al., 1999) and data from Nat et al. (2001) have evidenced functional Fas expression in embryonic/foetal human primary brain cultures, on either neuronal or glial cells or their precursors. Fas may be involved in neuronal apoptosis following hypoxic-ischemic injury to the developing rat brain (Felderhoff-Mueser et al., 2000) . Furthermore, ethanol induces a susceptibility to apoptotic signals at low doses by upregulating the expression of mRNAs for cytotoxic receptors such as Fas/Apo-1 in the developing cerebral cortex (Cheema et al., 1999) . Here, we have demonstrated that mouse cultured neural progenitor express fas mRNA and that an agonistic anti-Fas monoclonal antibody Jo2 induced dose-dependent apoptosis in these cultures. The specificity of involvement of the Fas pathway was further demonstrated by the lack of effects of Jo2 in fasÀ/À neural progenitor cultures.
Furthermore, the low level of apoptosis shown in fasÀ/À cultures highly suggests an implication of Fasdependent pathway in spontaneous apoptosis occurring in wild-type cultures. We also found that wild-type neurosphere cultures expressed both fas and fasL mRNA (data not shown) as previously shown for mouse embryonic fibroblasts and embryonic motoneurons (Raoul et al., 1999; Maecker et al., 2000) . These results emphasize the hypothesis that at least some cultured neural progenitors trigger Fas-dependent apoptosis through FasL expression in wild-type cultures, although it cannot be totally excluded that expression of FasL in these cultures was due to the low percentage of contaminating glial cells. Identification of the role of this apoptotic pathway in spontaneous apoptosis may help further characterization of the cultured neural progenitor subpopulation undergoing apoptosis. Such characterization may have important clues particularly for in vitro propagation of neural cells that is required for cell therapy of brain pathology.
Involvement of Fas in radiation-induced apoptosis of neural progenitors
In many cell types, radiation acts as a responseenhancing agent for Fas-mediated cell death (Sheard, 2001) . We show here that ionizing radiation induced Fas membrane expression and upregulation of fas mRNA expression in cultured wild-type neural progenitors. These data are consistent with the results obtained by Bouvard et al. (2000) showing an increase of fas mRNA expression in various mouse organs after a 5 Gy irradiation and with a study of Maecker et al. (2000) evidencing similar effects in mouse embryonic fibroblasts. However, the role of Fas in radio-induced apoptosis is controversial and may be cell type dependent. g-irradiation normally induces apoptosis either in thymocytes (Fuchs et al., 1997) or lymphocytes (Newton and Strasser, 2000) from mice lacking functional Fas or in thymocytes from mice lacking functional FasL (O'Connor et al., 2000) . Similarly, the role of Fas pathway in the response of cells to various DNAdamaging agents remains controversial: some authors found an involvement of Fas pathway (Muller et al., 1997; Fulda et al., 1998; Huang et al., 2003; Roos et al., 2004) and others no involvement (Eischen et al., 1997; Park et al., 1998; Belka et al, 2000; Engels et al., 2000; von Haefen et al., 2003) . We demonstrated that fasÀ/À neural progenitors exhibited delayed apoptosis in response to radiation exposure compared to wild-type cultures, suggesting not only Fas involvement in early radiation-induced apoptosis but also the involvement of Fas-independent apoptotic pathway. The coexistence of these at least two apoptotic pathways may, in part, explain the discrepancies concerning the role of Fas in different previous studies.
Our findings showing an involvement of Fas in neural progenitor response to ionizing radiation are consistent with similar observations reported in other normal cell types. Reap et al. (1997) have demonstrated a major implication of Fas/FasL interactions in radiationinduced apoptosis in splenic T and B cells both in vivo and in vitro. Furthermore, Embree-Ku et al. (2002) have reported that lpr mice, having a nonfunctional Fas receptor, exhibited a reduced number of apoptotic seminiferous tubules 12 h following a 5 Gy irradiation compared to wild-type mice. In contrast, mice deficient for FasL had the same response than wild-type mice. Similarly, recent data published by Huang et al. (2003) evidenced that g-irradiation and cisplatin induced Jurkat (a human T leukemia cell line) apoptosis through reactive oxygen species production and Fas-dependent pathway but not Fas/FasL interactions. Thus, Fasmediated cell death appears to represent an additional pathway to classical proliferative cell death in response to ionizing irradiation in at least some cell types and, as we show here, including neural progenitors, but the p53 and Fas/CD95 in neural progenitor apoptosis A Semont et al precise role of Fas/FasL in this response remains to be determined. The existence of crosstalk between Fas and p53 apoptotic pathways has been reported but remains controversial (Muller et al., 1997 (Muller et al., , 1998 Fulda et al., 1998; Unger et al., 1998; Maecker et al., 2000; O'Connor et al., 2000; Timmer et al., 2001) . However, p53 has been shown to upregulate fas mRNA in brain tumors (Fulda et al., 1998) in mouse embryonic fibroblasts (Gutierrez del Arroyo et al., 2000; Maecker et al., 2000) and in different cell lines in response to different stresses (Owen-Schaub et al, 1995; Muller et al., 1997 Muller et al., , 1998 . Existence of p53-induced fas mRNA regulation has been further substantiated by the identification of a functional p53-responsive element (p53RE) within the first intron of the mouse fas gene (Munsch et al., 2000) . Consistent with these data, fas mRNA enhancement induced by irradiation was dependent on p53 in neural progenitors, since p53À/À cells did not show any variation of fas mRNA in response to irradiation.
Overall, our data evidenced that Fas/CD95 plays a role in the neural progenitors response to ionizing irradiation that is, at least in part, dependent on p53. Such mechanisms could be involved in neural progenitor response to various stresses affecting the developing brain or in the course of diverse brain pathologies, including neurodegenerative diseases and cancer. They may play a crucial role in the radio-induced impairment of neurogenesis that has been proposed to explain, in part, the progressive learning and memory deficits frequently observed in adult and children who receive radiotherapy involving the brain (Peissner et al., 1999; Tada et al., 2000; Monje and Palmer, 2003) .
Materials and methods
Mice
All animal procedures reported in this paper were carried out in accordance with French government regulations (Services ve´te´rinaires de la sante´et de la production animale, Ministe`re de l'Agriculture). C57Bl/6-TgH p53 þ /À mice were previously described by Jacks et al. (1994) . p53-deficient (p53À/À) embryos were generated from the crossing between two heterozygous p53 þ /À mice. The genotypes of offsprings were determined by PCR analysis using DNA extracted from embryonic tails. Genotyping was performed two separate times to insure the correct assignment. C57Bl/6 Fas-deficient (fasÀ/À) mice embryos (Adachi et al., 1995) were generated from the crossing between two homozygous fasÀ/À mice. Wild-type embryos were obtained alternatively from the crossing between wild-type C57Bl/6 mice or between two heterozygous p53 þ /À mice.
Primary telencephalic progenitor cell cultures
Primary telencephalic cell cultures were prepared from mice embryos after 15 days of gestation. Telencephalic structures were dissected under binocular microscope, carefully freed of meninges and washed three times in phosphate-buffered saline (PBS). Cells were dissociated by trypsinization for 10 min at 371C. After trypsin inactivation, cells were further mechanically dissociated with a flame-narrowed Pasteur pipette in DMEM supplemented with 2% B27 (Invitrogen). After centrifugation, cells were resuspended in DMEM containing 2% B27, 1% penicillin-streptomycin, EGF (20 ng/ml, Sigma) and FGF2 (20 ng/ml, Sigma). Cells were seeded at 1 Â 10 6 cells/ ml. Cultures were kept in a water-saturated incubator with an atmosphere of 95% air 5% CO 2 . In these conditions, cells form proliferating clusters called neurospheres. The medium was changed twice a week.
Irradiation and Jo2 treatment of primary telencephalic progenitor cell cultures After 1 week of culture, neural progenitors were g-irradiated at a dose of 2 Gy using a 137Cs source (IBL637, Cisbio International) with a dose rate of 1.98 Gy/min. Cells were then collected 6, 24 or 48 h after treatment. To assess Fasmediated apoptosis, cells were gently dissociated mechanically from neurospheres and treated with 1 or 100 ng/ml of Jo2, an anti-Fas/CD95 monoclonal antibody (Pharmingen BectonDickinson). Cells were collected after 16 h of treatment. For cell cycle and apoptosis analyses, cells were washed in PBS (Ca 2 þ and Mg 2 þ free) and incubated in trypsin for 4 min at 371C. Cells were washed twice in PBS. For mRNA or protein extractions, cells were directly pelleted by centrifugation and stored at À801C until use.
Immunofluorescence
Dissociated cells fixed in 4% paraformaldehyde (PFA) or 7 mM neurosphere sections fixed in OCT were permeabilized with 0.1% Triton X-100 and then washed three times. Saturation was achieved by incubation in PBS supplemented with 7.5% goat serum and 7.5% fetal calf serum for 1 h at room temperature. Cells were then incubated with various primary monoclonal antibodies for 45 min at room temperature. Monoclonal antibodies used were directed against Nestin (1/100, Becton Dickinson), MAP2 (1/100, Boehringer-Mannheim), GFAP (1/50, Boehringer-Mannheim), p53 (Ab-1, 1/100, Oncogene Research Products) and p21 (SXM30, 1/250, Becton Dickinson). Appropriate isotypic controls (IgG1, MOPC-21, Becton Dickinson and IgG2A, Immunotech) were systematically tested as negative controls. After three washings, cells were incubated with Texas Red-conjugated goat anti-mouse IgG (1/125, Southern Biotechnology Associates Inc.). Nuclear staining was achieved by incubation with DAPI. Slides were mounted under Fluoromount (Southern Biotechnologies associates) and cells were examined under a fluorescence microscope (Olympus BX51).
Fas membrane detection
The membrane expression of Fas was determined by flow cytometry. Briefly, single-cell suspension obtained from mechanically triturated neurospheres was incubated 30 min on ice with the Jo2 anti-Fas antibody coupled to FITC (1 : 100). After washing in PBS 0.15% BSA, anti-Fas-FITC fluorescence was analysed on FACScalibur(BD) against an isotypic control. Dead cells, of which DNA was stained with 7-aminoactinomycine D, were gated out from the analysis.
Cell cycle analysis
Individualized cells (1-2 Â 10 6 /ml) were fixed in ethanol (70%) and maintained at À201C. After 1 week, cells were incubated in PBS containing 50 mg/ml propidium iodide (Sigma) and 100 mg/ml of RNase (Sigma) for 30 min at 371C. Cells were examined using a FACScalibur (Becton Dickinson) and data p53 and Fas/CD95 in neural progenitor apoptosis A Semont et al were analysed using CellQuest s and/or ModFit LT s softwares.
TUNEL staining
Dissociated cells (0.5-1 Â 10 6 ) were incubated 1 h in PBS with 2% PFA, then resuspended in 80% ethanol and stored at À201C for at least 1 week. Cells were then permeabilized with PBS containing 0.1% of Triton X-100 and 0.1% sodium citrate for 10 min. After three washings in PBS, cells were incubated in the dark, 1 h at 371C, with the enzyme and the label solution provided by the 'In Situ Cell Death Detection Kit, Fluorescein' (Roche Diagnostic) and finally washed two times. After incubation with 50 mg/ml of propidium iodide, TUNEL-positive cells were quantified using a FACScalibur (Becton Dickinson) and CellQuest s . At least 2 Â 10 4 cells were analysed. For microscopic examination, cells were cytospun and fixed in 4% PFA and used as described in the Immunocytochemistry section. Slides were mounted under Fluoromount (Southern Biotechnologies associates) and analysed using a fluorescence microscope (Olympus BX51).
Annexin V-FITC binding assay
Annexin V-FITC assay was performed according to the manufacturer's instructions (Becton-Dickinson). Briefly, cells were gently dissociated by trypsin/EDTA. Then, they were incubated 15 min with Annexin V binding buffer (1 Â ) containing 50 mg/ml of propidium iodide and Annexin V-FITC. The percentage of viable cells (not stained by propidium iodide) stained by Annexin V-FITC was determined using a FACScalibur (Becton Dickinson, Mountain View, CA, USA) and CellQuest s . At least 2 Â 10 4 cells were analysed.
Western blot
Cells were lysed in lysis buffer (50 mM Tris, pH 8, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100) and incubated for 30 min at 41C and clarified by centrifugation at 10 000 r.p.m. for 10 min. Protein concentration was determined by Bradford assay (Biorad). Proteins were separated by SDS-PAGE electrophoresis and blotted onto a nitrocellulose membrane. Membranes were saturated for 1 h in 1 Â PBS containing 5% nonfat dry milk (Re´gilait) followed with incubation with the primary antibody directed against p53 (Ab-1, 10 mg/ml, Oncogene Research products) or p21 (SXM30, 1/250, Becton Dickinson). After three washings in PBS with 1% Tween-20, membranes were incubated with peroxidase-conjugated, goat anti-mouse secondary antibody (1/4000; Calbiochem-Novabiochem corporation). Blots were then washed three times and the conjugates were visualized by chemiluminescence (Supersignal West Pico Trial Kit, Pierce). Blots were reprobed with anti-b-actin antibody (clone AC-74, 1/1000 Sigma) as a loading control.
Real-time PCR
Total RNAs were isolated from 1 to 2 Â 10 6 cells lysed with TRIzol s LS Reagent (Invitrogen) according to the manufacturer's instructions and treated with DNase/RNase-free (5 U, Roche) and RNase inhibitor (40 U, Promega) at 371C for 30 min. DNase was then inactivated by an incubation at 941C for 5 min. cDNAs were synthesized at 421C for 1 h from 3 mg total RNA using MuLV Reverse Transcriptase (300 U, GibcoBRL) in a 60 ml reaction mixture containing random hexamers (0.42 ng/ml, Invitrogen), RNase inhibitor (48 U, Boehringer-Mannheim) and dNTPs (1 mM). PCR amplifications were performed using a LightCycler system (Roche Diagnostics) in 10 ml Light-Cycler FAST START DNA Master SYBER-Green I mix (Roche Diagnostics) containing 4 mM MgCl 2 by using 1 or 2 ml of 10 À1 diluted cDNA and 0.7 pM/ml of different primer couples: fas primer (5 0 -TCTGCGATGAAGAGCATGGTT-3 0 ) and (5 0 -GCAGC-GAACACAGTGTTCACA-3 0 ), p21 ) of cDNA from a sample control were used as external standards in each run.
Quantification was performed by the identification of the exact time point at which the logarithmic linear phase could be distinguished from the background (crossing point). Values were calculated by comparing cycle numbers of the logarithmic linear phase of the samples with the cycle numbers of external standards.
